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Abstract Characterizing pre-fire fuel load and fuel consumption are critical for assessing fire behavior,
fire effects, and smoke emissions. Two approaches for quantifying fuel load are airborne laser scanning (ALS)
and the Fuel Characteristic Classification System (FCCS). The implementation of multitemporal ALS (i.e., the
use of two or more ALS datasets across time at a given location) in conjunction with empirical models trained
with field data can be used to measure fuel and estimate fuel consumption from a fire. FCCS, adapted for use
in LANDFIRE (LF), provides 30 m resolution estimates of fuel load across the contiguous United States and
can be used to estimate fuel consumption through software programs such as Fuel and Fire Tools (FFT). This
study compares the two approaches for two wildfires in the northwestern United States having predominantly
sagebrush steppe and ponderosa pine savanna ecosystems. The results showed that the LF FCCS approach
yielded higher pre-fire fuel loads and fuel consumption than the ALS approach and that the coarser scale LF
FCCS data did not capture as much heterogeneity as the ALS data. At Tepee, 50.0% of the difference in fuel
load and 87.3% of the difference in fuel consumption were associated with distinguishing sparse trees from
rangeland. At Keithly, this only accounted for 8.2% and 8.6% of the differences, demonstrating the significance
of capturing heterogeneity in rangeland vegetation structure and fire effects. Our results suggest future
opportunities to use ALS data to better parametrize fine-scale fuel load variability that LF FCCS does not
capture.

Plain Language Summary The ability to quantify live and dead vegetation, also known as fuel
available to burn in a fire, is important for understanding fire behavior, fire effects, and smoke emissions.
Our study compares two methods of measuring pre-fire fuel and estimating the amount of fuel consumed at
two wildfires in the northwestern U.S. dominated by sagebrush, grassland, and pine savanna. One method,
airborne laser scanning (ALS), uses an aircraft mounted sensor to created detailed 3D maps of vegetation
structure. Flights before and after the fire are used to estimate fuel consumption. The other method, the

Fuel Characteristic Classification System (FCCS), is a predefined map of fuels and their distinguishing
characteristics, which can be easily fed into existing mathematical models for estimating fuel consumption. In
our results, we observed the FCCS method to overestimate fuel load and fuel consumption compared to the
ALS method. We think this is mostly a result of the different levels of spatial detail between approaches, since
the ALS method captured more of the variability that exists in sparse forest and rangeland fuels than FCCS.
Future efforts may be able to combine these approaches to better quantify fuel.

1. Introduction

Assessment of fire behavior, fire effects, and smoke are mutually important for wildfire management and plan-
ning (Prichard, Larkin, et al., 2019). Furthermore, characterization of pre-fire fuel loading is a critical meas-
urement across these disciplines. Fuel load (the amount of live and dead fuel at a site) constrains fire behavior
and subsequent fuel consumption along with fuel moisture and fire weather (Finney, 2001; Ottmar, 2014). Fuel
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consumption, in turn, influences smoke emissions (Ottmar, 2014; Van Der Werf et al., 2017) and other fire effects
across a burned landscape (Lentile et al., 2006).

Fuel loading and consumption are assessed in multiple ways, including in situ field measurements (e.g., Cansler
et al., 2019; Lydersen et al., 2015), remote sensing from optical sensors or active sensors (e.g., Garcia, Saatchi,
Casas, Koltunov, Ustin, Ramirez, & Balzter, 2017; McCarley et al., 2020; Riafio et al., 2002) such as airborne
laser scanning (ALS), and fuel classification systems which are developed through field-derived metrics and
defined by the general vegetation of ecosystem type (Keane et al., 2013; Riccardi et al., 2007). Numerous equa-
tions have been derived to estimate canopy (E. D. Reinhardt & Crookston, 2003; E. Reinhardt et al., 2006),
understory vegetation (Brown et al., 1982), and surface fuel (down woody debris, litter, and duff) loads (Brown
et al., 1982; Woodall & Monleon, 2010) from field measurements. In rangeland ecosystems, destructive sampling
within fixed micro-plots is an accurate approach to estimate fuel loading for small areas (Bonham, 1989; Marsett
et al., 2006). Field data alone can provide estimates of fuel load on small scales; however, at coarser scales,
integration with remote sensing or fuelbeds provides a more practical approach (Keane et al., 2013; Prichard,
Kennedy, et al., 2019).

ALS data has demonstrated capabilities for estimating forest canopy fuels (Andersen et al., 2005; Riafio
et al., 2003, 2004; Skowronski et al., 2011), forest surface fuels (Bright et al., 2017; Hudak et al., 2016;
Jakubowksi et al., 2013; Pesonen et al., 2008; Price & Gordon, 2016), and grassland and sagebrush steppe fuels
(Jansen et al., 2019; A. Li et al., 2017). With ALS availability increasing, change detection using multitem-
poral ALS (i.e., the use of two or more ALS datasets across time at a given location) is also becoming more
common. Other studies have used multitemporal ALS data to quantify fire-induced changes in fuel load (McCar-
ley et al., 2020), fuel density (McCarley et al., 2020; Skowronski et al., 2020), fuel volume (Alonzo et al., 2017),
and basal area (Hoe et al., 2018; Hu et al., 2019) in forests. To our knowledge, only Wang and Glenn (2009)
have quantified fire-induced changes for a rangeland ecosystem using multitemporal ALS data, but they did not
measure fuel load.

Many different fuel classification systems have been developed empirically from field data to characterize fuels
and act as inputs for fire behavior and fire effects models (Keane et al., 2013; Riccardi et al., 2007). A central
aspect of these systems is that they group and categorize the physical characteristics of fuels into components, or
fuelbeds, that are functional from local to global scales. The Fuel Characteristic Classification System (FCCS)
is one widely-used fuel classification system that was designed and applied across all ecosystems in the United
States (Ottmar et al., 2007; Prichard et al., 2013; Riccardi et al., 2007). Within FCCS, structural variability is
captured through the definition of fuelbeds in six horizontal strata, representing any scale of interest (McKenzie
et al., 2007; Ottmar et al., 2007; Riccardi et al., 2007). FCCS was first compiled using published literature, fuels
photo series, other fuel datasets, and expert opinion (Ottmar et al., 2007; Riccardi et al., 2007); however, others
have employed the system world-wide using satellite Earth observation products and available field data (Petti-
nari & Chuvieco, 2016).

Within the United States, FCCS has been adapted for application within LANDFIRE (www.landfire.gov) program
by the Fire and Environmental Research Applications team of the U.S. Forest Service Pacific Northwest Research
Station. The 30 m LANDFIRE (hereafter LF) FCCS data is attributed with unique fuelbed ID's, representing
specific fuel loading values for use in fire behavior and fire effects estimation. LF FCCS is used to estimate fuel
loads at scales from a single fire (Campbell et al., 2007; French et al., 2011) to across the contiguous United States
(F. Li et al., 2018). Additionally, these estimates can be used as an input for fuel consumption models such as
CONSUME (Ottmar et al., 1993), which is accessible within Fuel and Fire Tools (FFT; Fire and Environmental
Research Applications Team, 2020) software.

A limitation with FCCS is that a single fuel load value is used to estimate large areas of theoretically homoge-
neous or similar vegetation, while ignoring fine-scale heterogeneity at subpixel scales (i.e., <30 m). However,
fuel loading fundamentally varies greatly at fine scales (Keane et al., 2013; Keane & Gray, 2013). Because vari-
ability is rarely incorporated into regional estimates of fuel load and consumption, it can be a notable source of
uncertainty in fire behavior models (Cardil et al., 2021; Prichard, Kennedy, et al., 2019) or for deriving products
such as carbon emissions (Chuvieco et al., 2019; French et al., 2004; Garcia, Saatchi, Casas, Koltunov, Ustin,
Ramirez, et al., 2017). Recent efforts have sought to quantify the uncertainties of fuel loading through the devel-
opment of the North American Wildland Fuel Database (NAWFD; http://nawfd.mtri.org). The NAWFD was
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Figure 1. Location of Keithly (a) and Tepee (b) Fires, with field plot locations, post-fire ALS coverage extent, and fire
perimeters. At the Keithly Fire, the ALS data were collected to evaluate an area of interest, the fire perimeter as of 26 July
2018, while at the Tepee Fire ALS data were available for the fire's maximum extent on 8 September 2018.

developed by matching over 26,620 field data records with LF Existing Vegetation Type (EVT) data in order to
quantify the distribution of biomass estimates for any given EVT in the dataset (Prichard, Kennedy, et al., 2019).
Subsequently, uncertainties for emissions derived from fuel loading have also been assessed, providing an under-
standing of the magnitude of uncertainty when using generalized fuelbed approaches (Kennedy et al., 2020).
While these studies have sought to define the range of uncertainty, the errors stemming from fine-scale heteroge-
neity in fuels have not been explored at the scale of wildfire events that drive fire behavior and emissions.

Our main objectives for this study were to compare total fuel load and consumption estimates using the ALS and
the FCCS approach for two wildfires and to determine the influence of fine-scale heterogeneity on the difference
between ALS and FCCS fuel load and consumption estimates. Furthermore, the use of multitemporal ALS data
to estimate fuel consumption in predominantly rangeland ecosystems is novel in this field. To achieve our objec-
tives, we estimated total pre-fire fuel load (i.e., sum of the individual fuelbed categories) using ALS data (5 m
resolution) trained with field data and LF FCCS data (30 m resolution). We estimated fuel consumption from the
difference in pre- and post-fire ALS-estimated fuel load and by processing the FCCS data in CONSUME.

2. Materials and Methods
2.1. Study Area

We evaluated two fires which burned in 2018, the Keithly Fire (7,050 ha) and the Tepee Fire (794 ha) (Figure 1).
The Keithly Fire occurred 20 km northeast of Weiser, Idaho, USA on hilly terrain dominated by sagebrush steppe
and xeric grassland (Figure 2), with isolated pockets of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
and tall shrub in the wetter drainages and steeper north-facing slopes. The Tepee Fire occurred 30 km southeast
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Figure 2. Typical unburned and burned fuels at the Keithly (top) and Tepee

(bottom) Fires.

of Bend, Oregon, USA at the ecotone between sagebrush steppe and sparse
ponderosa pine (Pinus ponderosa Dougl. Ex Laws.) Savanna, across mostly
flat terrain (Figure 2).

2.2. Data Acquisition and Processing
2.2.1. Fire Perimeters

At both fires, the smoke plumes were sampled by a fixed-wing aircraft (King
Air) as part of the Biomass Burning Fluxes of Trace Gases and Aerosols
(BB-FLUX) Project (Volkamer et al., 2020). This limited post-fire ALS
acquisition at Keithly to an area of interest corresponding to the fire perimeter
on 26 July 2018 when the fire was at 2,947 ha (Figure 1). The fire continued
to burn the next day before containment. At the Tepee Fire, plume sampling
occurred on 8 September 2018, which was the only day of significant burning
and when the fire reached near maximum size.

We obtained the 26 July 2018 fire perimeter for the Keithly fire and 8 Septem-
ber 2018 fire perimeter for the Tepee fire from the Geospatial Multi-Agency
Coordination (GeoMAC) group. As of May 2020, the National Interagency
Fire Center's National Incident Feature Service (https://data-nifc.opendata.
arcgis.com/) managed these data. GeoMAC fire perimeters were based on
thermal satellite data, which detect infrared heat at moderate resolution. Our
initial visual inspection showed that GeoMAC overestimated the fire perimeter at both fires. Therefore, we used
post-fire Sentinel 2 multispectral satellite data to calculate the Mid-Infrared Bi-spectral Index (MIRBI; Trigg
and Flasse, 2001), a burn-severity index previously demonstrated to provide high accuracy discernment between
burned and unburned areas in similar rangeland (Sparks et al., 2015) and forest (McCarley et al., 2018) condi-
tions. We then adjusted the outer burn perimeters manually in ArcGIS 10.6 (ESRI, Redlands, CA) using the
MIRBI images as reference.

2.2.2. Field Plot Data

We collected field plot data in September and October of 2018 to capture post-fire conditions prior to regrowth of
the vegetation. We identified locations for potential plots using LF 2014 FCCS to stratify for fuel conditions, after
grouping similar FCCS classes; only FCCS classes comprising >10% of the burn area were targeted for sampling.
While in the field, we randomly assigned actual plot locations to adjacent burned and unburned sites that had
similar pre-fire structural conditions based on visual estimation. Because both fires were actively suppressed,
field plots were located well clear of areas where fire retardant was dropped. We sampled a total of 66 plots in
clusters of six. For each cluster, we installed three burned and three unburned plots inside and outside the fire
perimeter respectively, with at least 30 m separation between plots (Figure S1 in Supporting Information S1).
We recorded plot locations using a resource-grade Global Navigation Satellite System receiver (Geo7X, Trimble
Inc.) with real-time differential correction, and applied post-processing corrections for added accuracy. Mean
post-processed horizontal accuracy was 0.19 m with a standard deviation of 0.12 m.

Plot sampling protocol was slightly different for rangeland (n = 48) and forested (n = 18) areas. In rangeland plots,
we placed a 1 m? quadrat at plot center in line with the other plots in the series. All vegetation, surface woody, and
ground fuels were separated by type and destructively harvested to be oven dried and weighed in the laboratory.
Collected fuel types included litter (including any small down woody debris), herbaceous vegetation (grasses and
forbs), and shrubs separated into 0.5 m vertical strata. We followed the same procedure for forested plots with
a few additions. We measured down woody debris, litter, and duff along a 15 m transect oriented perpendicular
to the prevailing slope and centered on the plot, and calculated biomass as described in Brown et al. (1982). We
measured the 1000-hr and 100-hr fuels along the entire transect and measured litter and duff depths at 0, 6, 9,
and 15 m along the transect. We collected, oven-dried, and weighed 10-hr and 1-hr fuels within the quadrat at
plot center. We measured tree height, dbh, and live or dead status for all trees and saplings (less than 12 cm dbh)
within 5.6 m of plot center and for additional trees between 5.6 and 8 m of plot center. We also recorded height
to live crown and crown base height for all trees. Biomass (tree boles, snags, and crown material) was calculated
using the Fire and Fuels Extension of the Forest Vegetation Simulator (E. D. Reinhardt & Crookston, 2003).
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Table 2

Table 1
Characteristics of Pre- and Post-Fire ALS Acquisition Parameters

Tepee Fire Keithly Fire

7-8 September 2018 25-27 July 2018

Acquisition year(s) 2010; 2011 2018 2017 2018
Date(s) of acquisition 6—13 September; 31 July to 10 August 18 September 14-27 September 6 September
ALS system Leica ALS60 Riegl Q780 Leica ALS80 Riegl Q780
Flight altitude 1,300 m 1,000 m 1,800 m 1,000 m
Swath overlap 50% 37.2% 64% 50%
Point density 9.4 p/m? 7.1 p/m2 4.9 p/m? 8.9 p/m?
First return density 9.0 p/m? 6.1 p/m2 4.8 p/m? 8.3 p/m?
Scan frequency 52 Hz 102 Hz 48 Hz 102 Hz
Scan angle +14° +18.5° +20° +18.5°

2.2.3. ALS Data

Repeat ALS data were available for both fires (Table 1). Pre-fire ALS data for the Keithly Fire were collected
in 2017, while pre-fire ALS data for the Tepee Fire were comprised of two collections from 2010 and 2011
(Figure S2 in Supporting Information S1). At both fires, the National Ecological Observatory Network (NEON)
collected post-fire ALS shortly after the fires and close to the time of field data collection in 2018. The extent of
the post-fire ALS acquisitions was designed to match the BB-FLUX project areas. The total area of repeat ALS
data was 6,686 ha at the Keithly Fire and 2,396 ha at the Tepee Fire. Differences in the ALS acquisitions such
as, low ALS point density in the pre-fire data at Keithly, the long time between pre- and post-fire ALS data at
Tepee, sensors used, and flight parameters likely contributed to uncertainty in the results; however, these were
the only data available.

Ground returns for all ALS data collections were classified using the ‘lidR’ package in R (Roussel & Auty, 2019)
with a progressive morphological filter (Zhang et al., 2003) to better distinguish low vegetation. The remaining
ALS data processing was conducted in LAStools (Isenburg, 2013). ALS point clouds were height normalized,
gridded to 5 m rasters, and statistical metrics were calculated for each raster cell. We used only first returns to
produce metrics, as we observed this to yield more comparable metrics from near-ground returns and compensate
for the relatively lower point density in the pre-fire Keithly data. We removed outliers below —30 m and above
150 m of the DEM, following Forest Service procedure (pers. comm. R. McGaughey, USFS). We generated over-
story canopy metrics with a height return cutoff of 2 m. We calculated identical statistical metrics for the point
cloud at each plot location but using a different selection radius for rangeland and forested plots. ALS points were
clipped to a 3 m radius rangeland plots, following Hudak et al. (2016). An 8 m radius was used to clip ALS points
at forested plots to match the maximum sampling radius used in the field data collection. We used plot metrics
for fuel model training, while gridded metrics (5 m resolution) were used to apply models and generate fuel maps
across the landscape.

We used post-fire field data and post-fire ALS data clipped to the plots to
model the relationship between total fuel load (Mg ha~!) and the point cloud
height and density metrics. We then applied the model to both pre- and post-
fire gridded ALS metrics to map fuel and estimate consumption. Modeling

ALS Metrics of Vegetation Structure Selected by Model

ALS metric Statistic of the ALS point cloud

PCT 0-0.5 m Percent of first returns <0.5 m

PCT 24 m Percent of first returns >2 m and <4 m

PCT 16-32 m Percent of first returns >16 m and <32 m

Ccov Percent of first returns >2 m

P75 75th percentile of the height values for first returns
P95 95th percentile of the height values for first returns

was done using the Random Forest (RF) algorithm (Breiman, 2001), but first
we evaluated and then selected model variables from a large candidate pool
by testing for high correlation (Pearson's r > 0.9) and multi-collinearity using
a Gram-Schmidt QR-decomposition approach. For the model to achieve opti-
mal fit, while remaining parsimonious, the Model Improvement Ratio (MIR;
Murphy et al., 2010) was employed from the “rfUtilities” (version 2.1-5) R
package (Evans & Murphy, 2017) to select the final ALS metrics (Table 2)
from those initially selected. MIR scores are calculated as the importance
of a given variable (a statistic given in RF) divided by the maximum model
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importance including all variables. The process for using MIR in variable selection, described in greater detail in
Murphy et al. (2010), is an iteration of computing MIR scores through the available variables until a set is found
that minimize model mean squared error and maximize percent variance explained. Random forest modeling
and the MIR procedure are further described in McCarley et al., 2020, but are also based on other studies that
have estimated fuel load using ALS data in forested ecosystems (Bright et al., 2017; Fekety et al., 2015; Hudak
et al., 2012), rangeland (Jansen et al., 2019; A. Li et al., 2017), and other shrublands (Greaves et al., 2016).

Accurate change detection through the differencing of two ALS datasets is contingent on the assumption that
fire is the only major process occurring on the landscape between ALS acquisitions. However, this is rarely
the case. At the Keithly fire, 96% of the burn perimeter fell within Bureau of Land Management grazing allot-
ments (https://gis.blm.gov/arcgis/rest/services/range/BLM_Natl_Grazing_Allotment/MapServer), which means
some of the change in fuel load may be attributed to herbivory and not wildfire. We could not quantitatively
test how much fuel load change was due to grazing and we could not exclude the areas because they represent
a vast majority of the fire. Thus, changes due to herbivory are unaccounted for in the results and contributed to
the overall uncertainty. At the Tepee fire, there was less evidence of grazing, but there were forest management
activities accounted for using the US Forest Service Forest Activity Tracking System (FACTS; USDA Forest
Service, 2020). An area of 250 ha within the ALS acquisitions, west of the fire, was subjected to precommercial
thinning, commercial thinning, and prescribed burning between 2010 and 2018 (Figure S3 in Supporting Infor-
mation S1). These treatments included a only a small portion of the fire (19 ha), which was subsequently excluded
from the analysis because estimated change could be due to management and not wildfire.

2.2.4. FCCS Data

For both fires, we obtained FCCS fuelbeds from the LF 2016 remap, which was the closest LF FCCS fuelbed
mapping to the pre-fire conditions. We used all FCCS classes, even if we did not observe the listed vegetation
types in the field, since many FCCS users do not have the ability of ground-truthing the fuelbeds. The LF 2016
remap includes codes to account for disturbances such as wildfire, fuel and vegetation treatments, insect and
disease, storm damage, and invasive plants. At the Keithly Fire, 5.5% of the LF data within the fire perimeter
had disturbance codes for the 2012 Roadside Fire. However, the LF 2016 remap had already accounted for the
previous fire, as those areas were mostly classified as introduced grasses. At the Tepee fire, 1.7% of the LF data
within the fire perimeter had disturbance codes for fuel treatments. These areas were accounted for by masking
out fuel treatments using FACTS.

We downloaded FFT (version 2.0.2017) from the University of Washington FFT site (https://depts.washington.
edu/fft/). We calculated pre-fire fuel load for each LF FCCS class by running the FCCS Fuel Characteristics
Calculator (version 4.0.999) from an executable Java application included in the FFT download. To estimate fuel
consumption, we implemented the FFT version of CONSUME (version 5.0) in Python (see Text S1 Supporting
Information S1). Environmental fuel conditions in CONSUME were set based on expert opinion (pers. comm. R.
Ottmar, USES). Finally, we assigned pre-fire fuel load and fuel consumption estimates to their corresponding LF
FCCS fuelbed class in raster format to map the predictions.

2.3. Data Analysis

To compare fuel load and consumption estimates using the ALS and the FCCS approach for each fire, the 30 m
LF FCCS were first re-projected and resampled to match the 5 m ALS data. We calculated fuel load (Mg ha™!)
estimates from the mapped data, using the 26 July 2018 fire perimeter at the Keithly Fire and the 8 September
2018 fire perimeter at the Tepee Fire (Figure 1).

Although much of the area at both fires was composed of rangeland, forest represented the largest source of
biomass. Individual and sparse stands of trees dotting the landscape represents high fine-scale variability in
biomass, which the ALS data more easily captured than LF FCCS. To diagnose the impact of spatial scale between
the two approaches, this study partitioned: (a) areas where FCCS classes included tree biomass, but there were
no trees (i.e., false positive); (b) areas where FCCS classes did not included tree biomass, but there were trees
(i.e., false negative); and (c) areas where FCCS classes correctly included or did not include tree biomass (i.e.,
true positive/negative or areas in agreement). We used LF EVT data to partition FCCS classes that included tree
biomass, while also preserving some major differences in vegetation type. We included only the most common
EVTs, and choose to group rare EVTs into more common ones (Figure S4 in Supporting Information S1). Each
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fire was further partitioned into areas of likely forest or non-forest based on
“ whether any ALS returns were observed higher than 2 m above the ground.
Using these designations, comparisons of the ALS and FCCS approach were
made in areas of agreement (i.e., both FCCS and ALS data includes trees

p; or not), areas of false positives (i.e., FCCS shows trees, ALS does not), and
P areas of false negatives (i.e., FCCS shows no trees, ALS does).

Neither the ALS data nor the LF data represented “true” ground conditions
and field data was not independent from the ALS models. Therefore, we
used data from NAWFD to approximate the uncertainty in biomass values
for each EVT group and provide an independent reference data set for the
estimates in this study. We calculated NAWFD fuel consumption estimates in
CONSUME following the same procedure as the LF FCCS fuelbeds.

RMSE= 18.9
RMSE(%)= 10.3
MBE=-1.3

% Var. explained= 80.3

3. Results

Figure 3. Performance statistics for the RF model of ALS metrics and field
data, with one-to-one line (dashed) and the line of best fit (solid). Plots
with tree measurements (forested plots) and without (rangeland plots) are

distinguished.

50
Predicted (Mg ha™")

Forested plots

100 150 200

The RF model developed for predicting fuel load from post-fire ALS metrics
performed well, explaining 80.3% of the variance between predicted and
observed values. Additionally, the regression line closely aligned with the
1:1 line (Figure 3), and root mean squared error (RMSE) was low. The model
had a slightly negative mean bias error (MBE), calculated as the mean of
the predicted values minus the observed values. This bias was largely driven
by two notable outliers in model, where predicted fuel load was on average
96 Mg ha~! less than observed fuel load. Both outlier sites were unburned
forested plots at the Tepee Fire.

Rangeland plots

We mapped pre-fire fuel load and fuel consumption using the FCCS and ALS approaches for the Keithly
(Figure 4) and Tepee (Figure 5) fires. Visually, the maps indicated that both approaches estimated higher fuel
load and consumption in forested areas than rangeland areas, but that the ALS data captured more variation in
fuel load and consumption due to higher spatial resolution. The FCCS estimates appeared to have greater fuel
load and consumption than the ALS estimates.

Quantitatively, pre-fire fuel load and fuel consumption were higher using the FCCS approach than the ALS
approach (Figure 6). At the Keithly Fire, the FCCS-derived pre-fire fuel load was 34,175 Mg (103%) higher than
the ALS-derived estimate. The FCCS fuel consumption estimate was 27,631 Mg (213%) higher. For the Tepee
Fire, FCCS estimates were higher that ALS estimates by 19,979 Mg (74%) for pre-fire fuel and 3,213 (28%) for
fuel consumption. Using FCCS, we estimated 60% of the pre-fire fuel was consumed at the Keithly Fire, while
31% was consumed at the Tepee Fire. Using ALS, we estimated 39% of pre-fire fuel was consumed at the Keithly
Fire and 42% at the Tepee Fire.

Pixels in major EVTs with a tree component, but without any ALS returns above 2 m (i.e., false positives)
accounted for some of the difference in estimated pre-fire fuel load. The Ponderosa savanna EVT comprised
most of this area and showed the biggest differences (Figure 7). We attributed an additional 6,334 Mg (108.8 Mg
ha~!) for the Keithly Fire and 15,507 Mg (176.5 Mg ha~!) for the Tepee Fire to false positives, approximating
the overestimation of pre-fire fuel by the FCCS approach in areas that are classified as having trees, but don't.
For false negatives, pixels in EVTs without a tree component and having ALS returns above 2 m, ALS estimates
were higher than FCCS estimates by 3,543 Mg (23.7 Mg ha™!) at Keithly and 5,517 Mg (71.8 Mg ha~!) at Tepee.
Taken together, the net overestimation of the FCCS approach attributed to heterogeneity in the forest-rangeland
ecotone was 2,791 Mg at Keithly and 9,990 Mg at Tepee, representing 8.2% and 50.0% of the observed difference
in total fuel between approaches.

The overestimation of trees in FCCS at the Tepee Fire was considerable, yet a majority of the difference between
approaches was not caused by misclassification between forest and rangeland. Instead, areas in agreement
(Figure 7) accounted for 91.8% of the difference in pre-fire fuel load between approaches at the Keithly Fire and
50.0% of the difference at the Tepee Fire. At Keithly, there was a notable difference in estimates for big sagebrush
and deciduous shrubland EVT classes; however, both FCCS and ALS estimates were within the interquartile
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Figure 4. Fuel load and consumption estimated for the Keithly Fire.

range of NAWFD data, showing that a wide range of fuel loads had been observed for those EVTs in other field
studies. Meanwhile, the FCCS estimates for Ponderosa Savanna were higher than both the ALS estimates and the
NAWED 75th percentile for both fires.

The differences in fuel consumption between the FCCS and ALS approaches (Figure 8) displayed similar trends
to fuel load. For pixels in EVTs with a tree component that did not have ALS returns above 2 m (i.e., false posi-
tives), FCCS estimates were 1,396 Mg (24.0 Mg ha~!) higher at Keithly and 3,383 Mg (38.5 Mg ha~!) higher at

Pre-fire fuel load Post-fire fuel load Fuel consumption

ALS

FCCS

Fuel load (Mg ha’1) Fuel consumption (Mg ha’1)
] [ T
0 100 200 300 0 50 100 150

Figure 5. Fuel load and consumption estimated for the Tepee Fire.
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Figure 6. Estimated pre-fire fuel load and fuel consumption for the Keithly and Tepee fires.

Tepee. For false negatives, FCCS estimates were 979 Mg (6.5 Mg ha™!) higher at the Keithly Fire, but 577 Mg
(7.5 Mg ha~!) lower at the Tepee Fire, resulting in overestimation of 2,375 and 2,806 (8.6% and 87.3% of the
difference in estimated consumption).

For pixels in agreement, ALS estimates were generally lower than FCCS estimates and tended to be at or below
the 25th percentile of the NAWFD data. Although, at the Tepee Fire, we observed greater consumption from ALS
than FCCS within the big sagebrush EVT. Areas in agreement (Figure 7) accounted for 91.4% of the difference in
fuel consumption between approaches at the Keithly Fire and 12.7% of the difference at the Tepee Fire.

4. Discussion

We consistently estimated higher pre-fire fuel load and fuel consumption using the FCCS approach than the
ALS approach at both fires. The difference in fuel load and fuel consumption between the two approaches can be
explained by a few factors. First, bias in the RF model (Figure 3) suggests that the ALS approach may be under-
estimating fuel load. Second, the ALS data (5 m resolution) captured forest heterogeneity at a smaller scale than
the resolution of LF FCCS (30 m), which led to considerable FCCS false positives (i.e., areas where FCCS classes
included tree biomass, but there were no trees) at the Tepee Fire and to a lesser extent the Keithly Fire (Figures 7
and 8). Finally, by providing continuous biomass estimates rather than discrete values, the ALS approach is more
sensitive to variation in fuel load and consumption (Figures 4 and 5), which over large areas could explain much
of the difference we observed between approaches. These ideas are discussed further in the following sections.

4.1. ALS Approach

Uncertainty in the RF models likely propagated some error into the fuel load and consumption estimates from
ALS data. Model bias showed the RF model underestimated fuel load by an average of 1.3 Mg ha~!. This equates
to an additional pre-fire fuel load of 3,831 Mg at Keithly and 1,032 Mg at Tepee, although this accounts for only a
fraction of the difference between the ALS and FCCS estimates. Most of the predictions in the model had a close
one-to-one relationship with observed fuel load (Figure 3); however, the two field plots with the highest observed
fuel load had 182.8 Mg ha~! and 183.6 Mg ha~'! but were predicted to be 85.3 Mg ha~! and 89.3 Mg ha~'. These
sites also had the highest tree biomass but were starkly different in structure. The first plot had only two large
diameter trees, while we recorded only 23 trees in the other plot (average number of trees for the forested plots
was 3.7). Litter and duff composed 25% and 34% of total fuels at the two field plots with the highest observed
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Figure 7. Pre-fire fuel load estimated from FCCS and from ALS within the dominant EVT classes. Also shown are the 25th and 75th percentile loadings from
NAWEFD for each EVT class. The NAWFD 75th percentile for Big Sagebrush at the Keithly Fire (indicated by the arrow to exceed the x-axis) was 110,760 Mg. False
positives are areas where FCCS classes included tree biomass, but there were no trees, false negatives are areas where FCCS classes did not included tree biomass, but
there were trees, and areas of agreement are where FCCS classes correctly included or did not include tree biomass.

fuel loads but was as much as 76% of fuel at one plot which had 7.2 Mg ha~! of litter and 74.8 Mg ha~! of duff.
At this site, we measured 108.2 Mg ha~! of total fuel, while RF predicted 99.9 Mg ha~!. Two plots may have
vastly different number and size of trees but be within 1 Mg ha~! of biomass, as was the case with the outliers
here. These issues highlight the difficult task being performed by RF and the need for sufficient training data
to characterize the complex relationship between structure and biomass. Field observations in this study were
heavily skewed toward lower plot biomass (Figure S5 in Supporting Information S1), which likely contributed to
underestimation of higher biomass plot as fewer training points were available for the RF model to characterize
structural differences in higher productivity sites.

The inclusion of surface fuels is also complicated, as some plots had considerable litter and duff loads (Figure S6
in Supporting Information S1), which are not directly detected by ALS. Therefore, ALS fuel models must rely
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included tree biomass, but there were trees, and areas of agreement are where FCCS classes correctly included or did not include tree biomass.

on the assumption that the overlying vegetation structure covaries with nondetectable strata, for example, more
trees should result in more underlying litter and duff. Other studies have explored this topic at field sites and
found that while overstory characteristics are often correlated with surface fuels, the relationships are weakened
by inherent fuel heterogeneity and can be different depending on overstory species (Cansler et al., 2019; Lydersen
et al., 2015). This study did not attempt to distinguish tree species; however, we only observed ponderosa pine at
the Tepee fire. Thus uncertainty in the estimation of the surface fuel component stems mostly from the unpredict-
ability of the relationship between the overstory and understory.

The performance of the model in this study (+> = 0.80, RMSE = 10.3%, MBE = —1.3 Mg ha~!), was similar to
results from McCarley et al. (2020; > = 0.68, RMSE = 10.85%, MBE = —0.03 Mg ha~!), which modeled fuel
load using ALS data and 216 field plots from two fires. Additionally, Hudak et al. (2012), Fekety et al. (2015),
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and Zhao et al. (2018) each achieved comparable or higher r-squared values (0.75-0.92) from their models in
forested ecosystems. Fewer studies have quantified fuel load from ALS data in rangeland ecosystems, which
was the primary land cover type of both fires. Both Jansen et al. (2019; r?> = 0.64, MBE = —0.097 Mg ha™')
and A. Li et al. (2017; r*> = 0.80, MBE = —0.072 Mg ha~") achieved rangeland biomass models with much less
bias. There is considerable difficulty distinguishing the ground surface with short grasses and low sagebrush
(Spaete et al., 2011), which presents challenges normally not encountered in forested ecosystems. Both Jansen
et al. (2019) and A. Li et al. (2017) employed different methods to separate and classify ground and vegetation
points, which may explain some difference in model performance. However, the bias in this study was also largely
driven by forested plots, which were not modeled by Jansen et al. (2019) or A. Li et al. (2017) and have naturally
higher fuel densities and thus higher potential for cumulative bias.

4.2. FCCS Approach

Due to its finer resolution, the ALS data captured greater spatial detail of pre-fire fuel loads and subsequently
more nuanced change in fuel load, including areas within the fire perimeter that may have been untouched by
fire. At both these fires, forested areas were predominantly open, with ample spacing between trees. The 5 m
ALS metrics easily distinguished this spatial arrangement, but in the 30 m LF FCCS data it was poorly differen-
tiated, leading to considerable overestimation of pre-fire fuel by the FCCS approach. We observed this pattern in
portions of the Keithly Fire, but because there were far fewer forested pixels the cumulative bias was not as prom-
inent, accounting for only 8.2% of the difference between the FCCS and ALS approaches in estimating pre-fire
fuel and 8.6% estimating fuel consumption. Instead, this was most evident for the Tepee fire, where LF pixels
classified as forested fuelbeds were a mix of forest and non-forest, given that the fire spanned the ecotone between
sagebrush steppe and ponderosa pine savanna. Here, 49.7% of the difference in pre-fire fuel estimates and 82.3%
of the difference in fuel consumption estimates originated in FCCS forest fuelbeds in non-forested pixels.

FCCS approximates the mean of a given fuelbed, to be widely applicable. Yet, being at the ecotone, the forest
observed at the Tepee Fire was on the lower end of productivity. Plot data showed that average fuel load for
forested plots was 88.4 Mg ha~!, whereas Pacific ponderosa pine forest, the dominant FCCS class in those areas,
is reported to have 207.3 Mg ha~!. It is possible that a more homogenous ponderosa pine forest would be in better
agreement with this FCCS estimate. However, another issue is that automatically classified FCCS maps, such
as LF, often contain errors. This study used the most recent pre-fire LF FCCS (2016), but the previous version
(2014) had much of the forest at the Tepee Fire classified as Ponderosa pine savanna rather than Pacific ponder-

osa pine. The former FCCS class is reported to have 98.0 Mg ha~!

, a figure much closer to what was observed
in the field data. There were a number of other FCCS classes present which listed vegetation species not present
at these sites, such as Mesquite savanna. This study specifically did not attempt to correct any of the LF FCCS
data that appeared erroneous, because it is unlikely that most LF users would perform such adjustments and it was

important to assess LF FCCS as an off-the-shelf product.

The largest difference between the ALS and FCCS approaches at the Keithly Fire were in the big sagebrush and
deciduous shrubland EVTs, even when we accounted for trees. This suggests that the spatial heterogeneity within
rangeland environments is also a significant contributor of error. Furthermore, the big sagebrush EVT was pres-
ent at both fires, but differed considerably in fuel load and consumption. At the Tepee fire the big sagebrush EVT
was at the high end of the productivity gradient, bordering on ponderosa pine savanna, whereas sagebrush fuel
densities at the Keithly Fire were at the opposite end of the gradient (Figure 2). Average ALS estimate fuel load
for pixels in big sagebrush, with no returns above 2 m, was 5.7 Mg ha~! at Keithly and 17.0 Mg ha~! at Tepee.
The FCCS averages, 11.6 Mg ha=! and 15.5 Mg ha~!, were more similar as they were composed of similar FCCS
classes. We did not observe sagebrush to exceed 2 m in height in the field.

Other studies have demonstrated similar issues validating LF FCCS with finer-scale fuel measurements. Analyz-
ing much of the western United States, Keane et al. (2013) found that fuel loading of duff, litter, and woody
debris mapped in LF refresh 2008 FCCS was poorly correlated to those measurements in field plots. However, as
McKenzie et al. (2007) noted, validating coarse FCCS data with finer-scale data can be misleading because the
processes observed are dependent on the scale of analysis. FCCS fuelbeds could be generated at a finer scale than
what is available through LF, which would help capture more heterogeneity in fuels. After all, LF FCCS is not
designed to estimate fuel heterogeneity at less than 30 m and its development was instead focused on consistent,
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comprehensive yet categorical fuelbed type mapping to be used across landscapes and management boundaries
(Rollins, 2009). However, there is always a trade-off between generating products at finer-scale and maintaining
generality.

The LF FCCS approach likely also overestimated fuel consumption. This was partly due to the overestimation
of forested fuels, which yield more consumption in CONSUME, but also due to the parameters assigned to
the model, including the fire perimeter. The FCCS approach assigns all areas within the fire perimeter a fuel
consumption estimate. Thus, unburned islands would incorrectly contribute to fuel consumption, leading to over-
estimation. Furthermore, since FCCS is a discrete classification system, the CONSUME outputs are not sensitive
to variability in fire severity, meaning overestimation would also occur in areas of lower fire severity. With the
ALS approach, fuel load and consumption are continuous variables, meaning that some areas had no consump-
tion or even small amounts of growth, particularly outside the fire perimeter.

4.3. Fusion of ALS and FCCS

The goal of comparisons such as this should not be to denigrate the respective approaches that differ in scale
and purpose by design, but instead to understand their limitations and find opportunities for synergy. Although
we could improve the RF models with more training data in high biomass areas, they still demonstrated greater
sensitivity to fine-scale heterogeneity than the LF FCCS data. The clear advantage of LF FCCS is that it can be
employed easily across the contiguous United States, without requiring existing ALS data or the cost associated
with acquiring new ALS acquisitions. The LF FCCS approach produced pre-fire fuel load estimates within or
near the interquartile range of NAWFD observations once we removed the misclassified (false positive and false
negative) areas. This suggests that including the uncertainty of estimates, as described by Prichard, Kennedy,
et al. (2019) and Kennedy et al. (2020), may be sufficient to describe emissions over large areas and multiple
fires. However, there is also opportunity for improvement through fusion with ALS data or other sources.

Currently, LF FCCS classifies fuelbeds using products derived from topography, biophysical gradients, and Land-
sat imagery (Rollins, 2009). However, fuels in similar biophysical settings and with similar optical reflectance
can vary in height, leading to misclassification errors (Riafio et al., 2002). Additionally, as we observed in this
study, ecotones present a classification challenge, as a given pixel might not fully represent either ecosystem. In
these cases, integration between FCCS and ALS could reduce the uncertainty of estimates, as ALS and other lidar
systems can more accurately measure vegetation height. This could help improve classification accuracy, but also
provide continuous variable data for adjusting fuelbed values in ecotones or other areas that aren't well-defined in
FCCS. Such adjustments do not necessarily need to be incorporated in the LF FCCS program but could instead be
performed retroactively using available lidar data. At coarse-scales (1 km), spaceborne lidar has been used to map
forest canopy height (Simard et al., 2011), which was used by Pettinari and Chuvieco (2016) to produce global
FCCS fuel data. Spaceborne lidar has also been used in conjunction with Landsat imagery to estimate existing
biomass in a rangeland ecosystem similar to fires in this study (Glenn et al., 2016). ALS data have been used simi-
larly in forested ecosystems (Garcia et al., 2011; Jakubowksi et al., 2013). At fine-scales (<1 m), terrestrial lidar
has been effective at quantifying fuel heterogeneity (Hiers et al., 2009) and consumption (Hudak et al., 2020),
which may prove useful to verify and refine sub-meter FCCS fuelbed characteristics. This study showed that, at
the Tepee Fire, 50.0% of the difference in fuel load and 87.3% of the difference in fuel consumption was related
to poor distinction of trees at the forest-rangeland ecotone. Thus while enhanced quantification of fine-scale fuel
variable would be beneficial for improving fuel estimates in all ecosystems, the benefit may be more apparent in
highly heterogenous places.

Vegetation height alone is sometimes insufficient to improve fuel estimates. At the Keithly fire, overestimation
of tree biomass was a minor contributor (<10%) to the difference between FCCS and ALS estimates. Fuel strata
that don't vary in height (i.e., litter and duff) also confound these estimates. Here, other data sources such as
hyperspectral imagery might be used in conjunction with ALS data to better distinguish rangeland fuelbeds and
provide sub-meter estimates of surface fuel (Mundt et al., 2006). Post-fire data collected by NEON at both fires
included high resolution (1 m) hyperspectral imagery that could be used for improved fuel speciation in the
future. Currently, refinement of FCCS using methods such as ALS or hyperspectral imagery will be impractical
for regional assessments, spanning multiple fires. However, at the scale of individual fires like those in this study,
there are numerous opportunities to improve fuel load and consumption estimates.
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5. Conclusion
Comparison of fuel load and consumption estimated at different scales can provide insight into the sensitiv-
ity of the alternative estimates of spatial fuel variability (Prichard, Kennedy, et al., 2019). The categorical LF
FCCS fuel load estimates, designed to be representative at regional to national scales, overestimated fuel load
and consumption at these two wildfire events, likely situated in fuel conditions that differed from mean fuelbed
conditions for the mapped FCCS fuelbed types. Maps derived from local field and ALS datasets worked well at
capturing fine-scale variation at 5 m resolution, 6X higher than the LF FCCS map scale (30 m). This proved to
be important for distinguishing tree clumps from rangeland and for capturing diversity in rangeland structure and
fire effects. Estimates of biomass burned derived from the airborne emissions sampling of carbon mass fluxes
is currently ongoing (Bela et al., 2022; Kille et al., 2022), and in the future holds potential to derive independent
estimates of the biomass burned from the smoke.
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